Introduction
One of the numerous compounds resulting from the heating of foods is HMF (structural formula in Figure 1 ). It is a product of the Maillard reaction, when reducing hexose moieties are heated in the presence of amino acids or proteins (1) . It can also be formed through direct thermal dehydration of fructose, sucrose and, to a lower extent, glucose; this reaction is strongly enhanced under acidic conditions and does not require the presence of amino groups (2) . Particularly high levels of HMF have been detected in caramel products (up to 9.5 g/kg), dried fruit (especially plums), old Port and Madeira wines and balsamic vinegar (3) (4) (5) . Bread and heat-sterilised milk contain lower levels of HMF but are important sources for HMF intake, as they are consumed in high quantities. Likewise, coffee is a dominating source of HMF for strong coffee drinkers (4, 5) . Estimates of the mean daily intake are in the range of 30-150 mg HMF per person (6) (7) (8) .
Furfuryl alcohol differs from HMF by the absence of the formyl substituent in the 5-position. It is used industrially for the production of various polymers (9) . In food, it is formed through acid-catalysed dehydration of pentoses. High levels of FFA have been detected in coffee, for example. Roasted coffee beans contained 1.5-3 mg/g of FFA and 4-5 mg/g of furfural, the corresponding aldehyde (M. Murkovic, in preparation). FFA as well as HMF have also been detected in cigarette smoke condensate (10, 11) .
HMF and FFA have been subjected to 2-year carcinogenicity studies in B6C3F1 mice and F344/N rats within the National Toxicology Program (NTP) of the USA (9, 12) . HMF was administered by gavage. There was some evidence of carcinogenic activity of HMF in female mice based on increased incidences of hepatocellular adenoma in the 188 and 375 mg/kg groups. FFA was administered by inhalation. There was some evidence of carcinogenic activity of FFA in male rats based on increased incidences of combined neoplasms of the nose and in male mice based on increased incidences of renal tubule neoplasms. There was equivocal evidence of carcinogenic activity in female rats based on marginally increased incidences of neoplasms of the nose and the renal tubules.
HMF and FFA were negative or only weakly positive in the standard genotoxicity tests conducted (9, 12, 13) . In particular, HMF was negative in Salmonella mutagenicity tests conducted by various groups (14) (15) (16) (17) . Within the NTP study (12) , HMF was tested twice for mutagenicity in Salmonella. In the first investigation, it was weakly mutagenic in the direct test with strain TA100 (but negative in this strain in the presence of S9 and in all other strains used under any conditions). In the second study, it was also negative in the direct test with TA100. Negative results in the Ames test have also been reported for FFA (9) . We have not found any data on mutagenicity in Salmonella typhimurium or other models for the other four hydroxymethyl-substituted furans (HM-furans) tested in the present study (formulas in Figure 1 ).
HMF and FFA are benzylic alcohols. Many benzylic alcohols are activated to electrophilic genotoxic sulpho conjugates by sulphotransferases (SULTs) (18, 19) . The group of Tannenbaum demonstrated that (i) HMF is activated to a bacterial mutagen in the presence of rat hepatic cytosol enriched with the sulpho group donor 3#-phosphoadenosine-5#-phosphosulphate; (ii) 5-sulphooxymethylfurfural (SMF) is a direct acting mutagen in S. typhimurium TA104 and (iii) if administered topically to mouse skin is a more potent initiator of papillomas than HMF (17, 20, 21) . However, FFA, in the presence of rat hepatic cytosol and 3#-phosphoadenosine-5#-phosphosulphate, and the corresponding authentic sulphuric acid ester, furfuryl sulphate, did not show any mutagenic activity in bacteria (21) . The authors noticed that the electron-withdrawing formyl group, present in SMF, but not in FFS, deactivates the benzylic position. They hypothesised that excessive reactivity prevented FFS from the induction of mutations.
[
14 C]HMF, administered to rats, was rapidly metabolised and excreted in urine, mainly as 5-hydroxymethyl-2-furoic acid and its glycine conjugate (22) . The conversion of HMF to 5-hydroxymethyl-2-furoic acid is efficiently catalysed by human aldehyde dehydrogenases 2 and 3A1 (R. Kollock and H. R. Glatt, in preparation). We also observed that various human alcohol dehydrogenases are able to reduce HMF to 2,5-di(hydroxymethyl)furan (R. Kollock and H. R. Glatt, in preparation). 5-Hydroxymethyl-2-furoic acid and 2,5-di(hydroxymethyl)furan are benzylic alcohols and thus might be metabolised to reactive sulpho conjugates, similar to HMF. The profile of urinary metabolites did not give any indication of the formation of any sulpho conjugate in the biotransformation of HMF (22) . However, SMF was detected as a transient metabolite in blood of mice exposed to HMF (23) . It has not been studied whether other sulpho conjugates were also formed.
Little is known about the SULT forms involved in the bioactivation of HM-furans. We had reported that expression of human SULT1A1 strongly enhances the induction of sister chromatid exchanges by HMF in Chinese hamster V79 cells (24) . Expression of the same SULT in S. typhimurium TA100 led to bioactivation of HMF and FFA to mutagens (13) ; however, the absolute increase in the number of revertants remained low with HMF.
The aim of this study was to learn more about the structureactivity relationship of SULT-dependent mutagenicity of HMfurans and the role of individual SULT forms in this activation. In addition to HMF and FFA, we investigated two HMF metabolites [5-hydroxymethyl-2-furoic acid and 2,5-di(hydroxymethyl)-furan], a positional isomer of FAA (3-hydroxymethylfuran) and 5-methylfurfuryl alcohol. The last compound differs from FFA, HMF and the HMF metabolites tested by the substituent in the 5-position (or in the equivalent 2-position). The methyl group in 5-methylfurfuryl alcohol is electron-donating, in contrast to the formyl group in HMF, and therefore is expected to enhance, rather than decrease, the reactivity of a metabolically formed sulphuric acid ester compared to FFS.
Material and methods
Chemicals FFA, 3-hydroxymethylfuran, 5-methylfurfuryl alcohol, HMF, 2,5-di(hydroxymethyl)furan and furfuryl acetate were purchased from Sigma-Aldrich (Taufkirchen, Germany). 5-Hydroxymethylfuroic acid was obtained from Matrix Scientific (Columbia, BC, Canada). SMF was synthesised as described previously (23) . FFS was prepared as described in the next paragraph.
Synthesis of FFS
FFA (100 ll, 1.16 mmol) was mixed with 3 ml tetrahydrofuran and the solution was cooled to 0°C. After addition of 368 mg (2.32 mmol) sulphur trioxidepyridine complex in 1 ml anhydrous N,N-dimethylformamide, the mixture was stirred for 5 h. Then, 6.9 ml of a 500 mM solution of sodium methoxide (3.45 mmol) in methanol was added. The resulting suspension was centrifuged and the supernatant was added dropwise to 80 ml of anhydrous diethyl ether. The precipitate containing the sodium salt of FFS was filtered off, washed with icecold diethyl ether, dried in high vacuum and stored under argon at À80°C. 
Bacterial strains
Human SULTs (reference type sequences) were expressed in S. typhimurium using the pKKneo vector, as described previously (25) . To be consistent with our previous publications, we stayed with the original designation of SULTs. This is relevant for SULT1C1 and SULT1C2, which have been renamed to SULT1C2 and SULT1C4 by Blanchard et al. (26) . Rodent SULTs were expressed by inserting the open reading frame of the following complementary DNA (cDNA) sequences into the pKKneo vector: murine Sult1a1 (GenBank accession number: L02331), murine Sult1c2 (NM_026935), murine Sult1d1 (NM_016771) and rat Sult2a3 (M33329).
The names of the strains are composed of the name of the recipient strain (TA100 in the present study) and that of the expressed SULT form (with the prefixes h, m and r for human, murine and rat forms, respectively).
SULT protein levels in recombinant strains were estimated by immunoblotting using purified proteins or nearly homogeneous inclusion bodies of SULTs expressed in bacteria as standards as previously described for TA1538-derived strains (27) . However, cytosolic preparations from recombinant TA1538 strains with known levels of SULT were used as reference for some forms, as they are better suited for long-term storage than the purified proteins. No purified standard and no source with a known expression level were available for certain rodent forms. However, in all these cases, a robust band was detected in immunoblot analyses.
Mutagenicity testing
The bacteria were grown in Nutrient Broth No. 2 (Oxoid GmbH, Wesel, Germany) at 37°C with shaking for 8 h. Strain TA100 was grown in the absence of antibiotics. Neomycin (50 lg/ml) was added to the growth medium for the recombinant strains. The cultures were centrifuged, suspended in medium A (1.6 g/l Bacto Nutrient Broth and 5 g/l NaCl), adjusted turbidimetrically to a titre of 1-2 Â 10 9 bacteria (colony-forming units)/ml and kept on ice. Shortly before use, they were centrifuged again and suspended at a 5-fold higher density in medium A. Mutagenicity was determined using a modified version of the liquid pre-incubation assay described by Maron and Ames (28). The bacterial suspension (100 ll) and the test compound (in 100 ll water) were added sequentially to a glass tube containing 500 ml of 100 mM MgSO 4 . When sulpho and acetyl conjugates were directly tested, three different media were used, 100 mM MgSO 4 (as used for testing HM-furans), 150 mM KCl and water, as benzylic esters can undergo substitution reactions with anionic medium components (SO 2À 4 and Cl À in the media used) (21, 29, 30) . After incubation for 60 min at 37°C, 2.0 ml of 45°C warm soft agar (5.5 mg/ml agar, 5.5 mg/ml NaCl, 50 lM biotin, 50 lM histidine, 50 lM tryptophane, 25 mM sodium phosphate buffer, pH 7.4) was added, and the mixture was poured onto a Petri dish containing 24 ml minimal agar (15 mg/ml agar in Vogel-Bonner E medium with 20 mg/ml glucose). After incubation for 2 days in the dark, the colonies (his þ revertants) were counted. Incubations were carried out in triplicate, except for the negative controls (3-9 plates). Most compounds were tested in various strains on several occasions. In general, the results of the last experiment, with optimised dose levels, are presented. The result of an individual experiment was classified positive if the number of revertants (mean value at any dose level) was increased at least 2-fold above the number of spontaneous revertant colonies with a plausible dose-response relationship. It was also classified positive if the increase was at least 1.5-fold and confirmed in repeated experiments. Specific mutagenicities (revertants per nanomole) were calculated from the slope of the initial part of the dose-response curve of the positive results. For negative results, a conservative limit of detection is given by dividing the number of spontaneous revertants by the highest dose that could be adequately tested (no obvious toxicity).
Determination of t 1/2 of benzylic esters in water
Freshly prepared solutions of SMF, FFS and furfuryl acetate in dimethylsulphoxide were added to water at final concentrations of 500-700 lM. At varying times, aliquots of 10 ll were immediately injected into a mass spectrometer using an HPLC system Alliance 2960 (Waters, Eschborn, Germany) running isocratically with 0.4 ml/min water/acetonitrile (95:5) as injector device. The triple-quadrupole mass spectrometer Quattro II was fitted with an electrospray source (Micromass, Manchester, UK) working in the negative ionisation mode. SMF and FFS were detected by multiple reaction monitoring in which the fragmentation of the sulphate ion (205.2 / 96.0 and 177.2 / 96.0, respectively) was monitored. The cone voltage was 20 V and the collision energy was 25 eV. The source block and the desolvation temperature were maintained at 80 and 350°C, respectively.
The half-life time of furfuryl acetate was determined by repeated injections of 4-ll aliquots of 700 lM furfuryl acetate into an Acquity ultra performance liquid chromatography system (Waters) with a UPLC BEH Phenyl column (100 Â 2.1 mm, 1.7 lm; Waters) and an Acquity photodiode array detector (Waters). A gradient was applied containing the eluent solvents 10 mM NH 4 OAc and 5% methanol (solvent A) and (95:5) acetonitrile/methanol (solvent B), with a 10-min linear increase from 0% solvent B to 50% solvent B at 0.35 ml/min flow rate.
Results

SULT protein levels in recombinant strains
We previously reported the SULT protein levels in TA1538 strains engineered for expression of human SULTs (27) . For expression in strain TA100, we had to modify the expression vector (insertion of a neomycin-resistance marker and inactivation of the ampicillin-resistance marker), as the plasmid pKM101, present in TA100, already conferred ampicillin resistance. Nevertheless, most SULTs were expressed at similar levels in TA100-derived strains, using a neomycin-resistance marker (Table I) , and in TA1538-derived strain, using an ampicillin-resistance marker (27) . Notable exceptions are human SULT1E1 and SULT4A1, which were expressed at 9-and 2-fold higher levels, respectively, in TA100 than in TA1538 strains.
The presence of the SULT expression vector tended to decrease the spontaneous number of revertants compared to the parental strain, TA100. This effect depended on the SULT form as well as the expression level, which can be manipulated by silent mutations (27, 31) . In general, this effect was absent in strains without plasmid pKM101, such as TA1538, and thus may result from inference between the plasmids. In the strains used here, this effect was relatively weak.
Mutagenicity of HM-furans in S. typhimurium TA100 and TA100-derived strains expressing individual mammalian SULTs All HM-furans were tested in the parental strain TA100 and in strains expressing the SULT forms listed in Table II . These SULT forms are characterised by the following features (26, 32, 33) : Human SULT1A1 is the form with the widest tissue distribution and the broadest substrate tolerance in humans. SULT1A2 and SULT1A3, resulting from recent gene duplications of the SULT1A subfamily, are absent in nonprimates. SULT1A2, a minor form, shares many substrates with SULT1A1 but often differs in the kinetic parameters. SULT1A3, a form highly expressed in many extrahepatic tissues, demonstrated particularly high activity with catecholamines. SULT1E1 is important in the regulation of oestrogens, whereas SULT2A1 is involved in the metabolism of androgens and other alcoholic steroids. In spite of these specific endogenous functions, SULT1E1 and SULT2A1 are very efficient in the activation of a number of promutagens (18, 19) . Although SULT1C2 is a minor form in humans, we included it after noting its high activation potential for individual HM-furans. In addition, we tested all compounds in strains expressing murine Sult1a1 (the only member of the SULT1A subfamily in the mouse) and Sult1d1 [a form that only exists in humans as a pseudogene (34)]. Representative dose-response curves are presented in Figure 2 (most active human forms) and Figure 3 (mouse forms with human SULT2A1 as a negative control). The results are summarised in Table II . In addition, individual compounds were tested in a cursory way in strains expressing further SULT forms from human, mouse or rat. No activation of HM-furans was observed in this last set of experiments (Table III) .
Two of the six HM-furans tested provided similar results in the parental strain, TA100, and in all SULT-expressing strains used. 3-Hydroxymethylfuran was weakly mutagenic in all strains used ( Figures 2F and 3F) . 5-Hydroxymethylfuroic acid did not show mutagenicity in any strain ( Figures 2E and 3E) . The remaining four congeners did not show any mutagenic activity in the parental strain TA100 but were clearly positive in tests with some SULT-expressing strains. In particular, they showed strong mutagenic effects over wide concentration ranges in strain TA100-hSULT2C1 (solid triangles in Figure 2A-D) . Some of them were also activated to varying extents in strains TA100-hSULT1A1, TA100-hSULT1A2, TA100-hSULT1A3, TA100-mSult1a1 and/or TA100-mSult1d1 (Figures 2 and 3 ; Table II ). Table I . SULT expression levels in recombinant strains derived from Salmonella typhimurium TA100
Strain
Protein level of mammalian SULT, % of cytosolic protein TA100-hSULT1A1 0.9 TA100-hSULT1A2 1.1 TA100-hSULT1A3 1.8 TA100-hSULT1C1 2.5 TA100-hSULT1C2
1.0 TA100-hSULT1C3 1.7 TA100-hSULT1E1 4.5 TA100-hSULT2A1 1.8 TA100-hSULT2B1b*1X 3.5 TA100-hSULT4A1 1.9 TA100-hSULT6B1 2.1 TA100-mSULT1A1 4.0 TA100-mSULT1C2 þþ TA100-mSULT1D1 þþ TA100-rSULT2A3 þþ þþ, The protein level could not be quantified due to the lack of purified standards. However, the amount of cytosolic fraction required for a clear signal in immunoblots (1-2 lg) was similar to that of other strains (0.1-10 lg, median 2 lg), suggesting that expression levels were akin.
HMF enhanced the number of revertants from TA100-hSULT1A1 even at low doses, but the effect remained modest (1.5-fold increase) over a wide dose range ( Figure 2D ). Since human SULT1A1 is notorious for strong substrate inhibition with certain substrates (35), we explored the mutagenicity of HMF at varying substrate concentrations in more detail by using larger numbers of replicate plates (Table IV) . This experiment corroborated the mutagenicity of HMF in strain TA100-hSULT1A1 with high statistical significance. However, another strain, TA100-hSULT2C, was more responsive even at low dose levels.
Chemical stability and mutagenicity of benzylic esters of HMfurans We previously reported that the half-life time of SMF at 37°C amounts to 114, 126 and 108 min in water, mouse urine and blood plasma, respectively (23) . As determined in the present study, FFS was much less stable. Its half-life time in water was 59 and 22 s at 20 and 37°C, respectively. The corresponding values in Tris buffer (100 mM, pH 7.4) were determined to 50 and 23 s. The analogous acetic acid ester, furfuryl acetate, was much more stable (t 1/2 of 10 h in water at 37°C), in agreement with previous observations with 1-sulphooxymethylpyrene and 1-acetoxymethylpyrene (t 1/2 of 2.9 min and .10 days, respectively, in water at 37°C) (30) . FFS was rather stable in dimethylsulphoxide (t 1/2 of nearly 8 h at 37°C). SMF was mutagenic in S. typhimurium TA100 ( Figure 4A ). The initial slope of the dose-response curve was 1500 revertants/lmol, when 82 mM MgSO 4 (source for synthesis of the cofactor for SULTs) or water only was used as the exposure medium. This value was increased to 3000 revertants/lmol in 122 mM KCl. A similar mutagenicity-enhancing effect of KCl was reported by Surh and Tannenbaum (21) , who studied SMF for the induction of forward mutations in S. typhimurium TM677. The effect was attributed to an exchange of the highly polar leaving group SO FFS marginally elevated the number of revertants from S. typhimurium TA100, when only water or MgSO 4 (82 mM final concentration) was used as the exposure medium ( Figure 4B ). At doses exceeding 200 nmol, it became strongly bacteriotoxic.
Usage of KCl (123 mM final concentration) enhanced bacteriotoxicity and abolished mutagenicity. The result suggests that highly reactive furfuryl chloride generated extracellularily is primarily bacteriotoxic. Furfuryl acetate, used as fragrance and food flavouring (36) , was clearly mutagenic when tested in water (up to 7.5-fold increase in the number of revertants above the spontaneous level; 290 revertants/lmol), as shown in Figure 4C . The presence of MgSO 4 , putatively leading to the formation of FFS, somewhat reduced the mutagenicity. The presence of KCl, putatively leading to the formation of furfuryl chloride, strongly enhanced bacteriotoxicity with a concomitant decrease in the maximal mutagenic response ( Figure 4C ).
Discussion
Two structurally similar sulphuric acid esters, SMF and FFS, substantially differed in chemical reactivity and biological activity. SMF was less reactive than FFS, as indicated by a 360 times longer half-life time in water. Both compounds were mutagenic when generated within the target cell from HMF and FFA, respectively, by SULTs. In this model, FFA induced up to 2500 revertants/lmol, whereas the maximal effect of HMF only reached 28% of this value, 700 revertants/ lmol, suggesting that FFS was the more potent mutagen. However, when added externally, only SMF was clearly mutagenic. FFS, instead, was primarily bacteriotoxic. These results suggest that externally added FFS damaged the bacteria on the outside, e.g. on membranes, and was not sufficiently bioavailable at the DNA within the cell. The corresponding acetic acid ester was clearly mutagenic, suggesting enhanced bioavailability due to its lack of charge and its longer half-life time compared to the sulphuric acid ester. In this context, it is important to highlight that in the organism, sulpho conjugation, like most other biotransformation reactions, occurs within cells. This has to be taken into account when testing compounds that may be activated to mutagens by this pathway. External activating systems may provide false-negative results in this case, as also is illustrated by the lack of mutagenicity of FFA in S. typhimurium, when tested in the presence of rat hepatic subcellular preparations fortified with the sulpho donor 3#-phosphoadenosine-5#-phosphosulphate (21). For this reason, we investigated a series of six HM-furans in S. typhimurium strains engineered for expression of various human and rodent SULTs. Four congeners demonstrated SULT-dependent mutagenicity. Human SULT1C2 led to particularly strong activation detectable over a wide dose range. This SULT form was first described by Sakakibara et al. (37) . The authors studied its expression on the RNA level in 50 human tissues. High expression was detected in foetal lung and kidney, and lower RNA levels were observed in foetal heart, adult kidney, adult ovary and adult spinal cord. Later studies on this form usually involved catalytic activities of the enzyme expressed from its cDNA. No significant additional knowledge on the tissue distribution has been obtained. To the best of our knowledge, Caco-2 cells are the only material where expression of SULT1C2 protein from its natural gene has been reported (38) .
Human SULT1A1 was another enzyme that activated various HM-furans. This form is able to metabolise numerous Mutagenicity was studied in Salmonella typhimurium TA100-derived strains expressing the indicated SULT forms. Results were compared to those observed in strain TA100.
xenobiotics and has been detected in most tissues examined, the levels being particularly high in liver and small intestine (39) . The initial slope of the dose-mutagenicity curve of some HM-furans was steeper in strain TA100-hSULT1A1, but the maximal mutagenic effect was consistently lower than in TA100-hSULT1C2. The mechanism underlying this unusual dose-response curve of this compound in TA100-hSULT1A1 is unknown. It may involve substrate or product inhibition of the enzyme. It is also unknown whether similar dose-response relationships would occur in vivo. In this context, it is Fig. 3 . Effect of murine SULT on mutagenicity of HM-furans in Ames test. Open circles: strain TA100-hSULT2A1 was used as a negative control (curves congruent with those in the parental strain TA100, shown in Figure 2 ); solid circles: TA100-mSult1a1; solid squares: TA100-mSult1d1. Values are means AE SE of three plates (substance-treated groups) or three to nine plates (negative control) from one experiment. SE is within the symbol if no error bar is visible. interesting to notice that HMF induced sister chromatid exchange in V79 cells engineered for expression of hSULT1A1 over a very wide concentration range with monotonously increasing effect (24) . Human SULT1A2, a minor form in human tissues (39) , only moderately activated individual HM-furans. SULT1A3, an abundant form in many tissues (except liver) (39), led to detectable but extremely weak activation. Human SULT1E1 and SULT2A1, used with all congeners, and various other forms, tested with selected congeners, showed no activation at all. Therefore, we conclude that SULT1C2 and SULT1A1 may be the most important forms involved in the sulpho conjugation of HM-furans in the human organism. We also investigated two murine SULTs for activation of HM-furans of which mSult1a1 led to similar activation as observed with its human orthologue, while mSult1d1 moderately activated only two HM-furans, FFA and HMF. The tissue distribution and ontogeny of murine SULTs have been studied on the RNA level by Alnouti and Klaassen (40) . They detected higher expression of mSult1a1 in adult liver of females compared to males. We confirmed this finding on the protein level (W. Meinl and H. R. Glatt, unpublished results). This gender selectivity is of interest as female, but not male, mice showed increased incidences of hepatocellular adenoma when treated with HMF (12) . The proximal tubule tumours observed in male mice treated with FFA (9) might be due to local activation by mSult1a1 or mSult1d1, as both enzymes are expressed in kidney (40) . Alternatively, FFS may be taken up actively by renal tubule cells from the circulation, as numerous other sulpho conjugates, including SMF, which is a substrate of human organic anion transporters 1 and 3 (41) . A role of sulpho conjugation in the observed carcinogenicity of HMF and FFA is plausible, but hypothetical at present. The hypothesis gains momentum from the observation that FFA forms the same benzylic DNA adducts [N 2 -((furan-2-yl)methyl)-2#-deoxyguanosine and N 6 -((furan-2-yl)methyl)-2#-deoxyadenosine] in murine tissues as in S. typhimurium TA100-hSULT1A1 (42) . The single-and double-knockout mouse lines for Sult1a1 and Sult1d1, constructed in our laboratory, may be useful to conclusively verify or reject a role of SULTs in the carcinogenicity of HM-furans.
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